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Abstract 
Transcriptional and translational fusions between the reading frame of the /LD-glucuronidase gene 
(gusA) and the 2' as well as the 1' promoter of mannopine synthase (mas), a TR locus of Agrobacterium 
tumefaciens, were made. The xpression of these constructs was studied in the transgenic F 1 offspring 
of independent tobacco transformants atthe protein level by assaying for GUS activity and western blot 
analysis of the GUS protein and at the steady-state mRNA level. 
In leaves, stems and roots no correlation was found between steady-state l vels of GUS mRNA and 
enzyme activity. In older tissues significantly higher GUS activities were found. This is explained by the 
stable character of the GUS protein together with an accumulation of protein upon ageing. Three to ten 
times higher GUS activities were found for in vitro grown plants than for greenhouse-grown plants of 
the same offspring, despite similar levels of GUS mRNA. Roots from in vitro grown plants display three 
to ten times higher GUS activities than stems and leaves. 
In transgenic plants grown in vitro, containing a translational fusion with two AUGs in phase, the 
initiation of translation i  leaf material occurred at both AUGs. Initiation of translation at the first AUG, 
however, was ten times ore frequent. In contrast, initiation in roots from in vitro grown plants occurred 
exclusively at the second AUG. 
Introduction 
In constructing vectors for genetic engineering of 
plants, much attention is being paid to promoters. 
Expression levels of chimaeric gene fusions in 
plants has mainly been studied singthe 35 S pro- 
moter of cauliflower mosaic virus (CaMV) [3, 9, 
38, 44, 47] or promoters of genes coding for no- 
paline synthase or mannopine synthase from the 
T-DNA ofAgrobacterium tumefaciens [27, 51, 52]. 
The 35S CaMV promoter conferred high expres- 
sion to chimaeric genes in transgenic dicotyledon- 
ous plants [33]. Fusions with different areas of 
promoters and constructs combining well defined 
promoter sequences have revealed specific motifs 
for the regulation of transcription in relation to, 
for example, tissue specificity as well as enhancer 
elements [3, 25, 34, 35]. 
Little attention has been paid so far to the im- 
pact of the translational process in transgenic 
plants. The relevance of the leader sequence has 
been demonstrated by Gallie et al. [11]. An in- 
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creased translation was observed in transient as- 
says when the translational enhancer, f~, derived 
from tobacco mosaic virus was present at the 5' 
end of the GUS mRNA. Employing the gusA 
gene Kato et al., [24] showed that the sequence 
flanking the initiation codon has a great effect in 
transient assays with rice and tobacco proto- 
plasts. Here we describe different ranslational 
and transcriptional promoter fusions with the 
gusA reading frame and their expression i  trans- 
genic tobacco plants. 
We constructed three gusA chimaeric genes de 
novo. The dual promoter fragment belonging to 
gene 2' and 1' of the TR DNA of the Ti-plasmid 
pTiAch5 present in A. turnefaciens strain 
LBA3267 was used as well as the termination 
sequence from gene 0'. Both transcriptional nd 
translational fusions were introduced inNicotiana 
tabacurn cv. Petit Havanna SR1 plants. The ex- 
pression of the transferred genes was studied in 
the F~ progeny at the level of RNA, protein and 
GUS activity. 
The present s udy reveals that the translational 
process has a crucial impact on the final level of 
gene expression, i.e. on phenotypic expression. 
Materials and methods 
Construction of binary vectors 
Constructs were made in a modular way. Various 
parts (promoters, terminator sequences, reading 
frames and border sequences for transfer of 
T-DNA) were subcloned in pIC plasmids [28] 
and then assembled. Complete constructs, car- 
ried as a single Hind III fragment on a pIC plas- 
mid, were shuttled to wide - host - range plas- 
mids and crossed to different Agrobacteriurn 
strains. 
A synthetic left border, corresponding to the 
octopine right-border r peat was cloned as a 
Xba I-Sac I fragment into pIC19H cut with Xba I 
and Sst I [49], yielding the construct plam2. The 
TL octopine right border plus the overdrive se- 
quence were cloned as a Barn HI-Bcl I fragment 
from pTiAch5 (T-DNA sequence 13 774-14 711 
[ 1]) into the Bam HI site ofplC19R. A construct 
was obtained in which the overdrive sequence 
was close to the Pst I site of plC19R. From this 
construct the Barn HI-Pst 1 fragment was isolated 
and cloned into plato2 cut with Barn HI and Pst I. 
A construct pLAMA was obtained containing the 
synthetic left border and the right border and 
overdrive sequence. 
To obtain construct pLAMB, the gusA reading 
frame was isolated from pBI101.2 as a Barn HI- 
Sac I fragment of which the Sac I site was blunted 
with S 1 nuclease. The fragment was cloned into 
pIC19H digested with Barn HI and Sal I. The 
SaI I site was filled in with Klenow. 
pLAMC contains the terminator sequences of 
genes 0' and 1' from the octopine TR DNA. A 
749 bp Pst I-Nla IV (T-DNA sequence 21707- 
22456 [ 1] fragment isolated from pRAL3267 [38] 
was cloned into pIC20R digested with Pst I and 
NruI. 
In clone pLAMD the gusA reading frame was 
fused to the termination sequence in clone 
pLAMC. A Barn HI-Pst I fragment from pLAMB 
was cloned into pLAMC digested with Barn HI 
and Pst I. The Pst I site in pLAMC was derived 
from the pIC polylinker. 
pLAMF contains the dual promoter of the TR 
genes 2' and 1'. The 521 bp Nla IV-Cla I frag- 
ment (T-DNA sequence 20 128-20 649 [1]) was 
isolated from pRAL3267 and ligated into the Cla I 
and filled-in Eco RI sites of pIC20H. 
The gusA reading frame -0'  terminator se- 
quence present in pLAMD was fused in several 
ways to the 2 ' -1 '  double promoter fragment. 
The Srna I-Eco RV fragment from pLAMF was 
cloned into the Srna I site upstream of the gusA 
reading frame in pLAMD. In one orientation, the 
gene 2' promoter was fused to the gusA reading 
frame (pLAMG13m). In the other orientation the 
gene 1' promoter was fused (pLAM10m). An- 
other gene 2' fusion (pLAMG271) was obtained 
by insertion of the Srna I-Cla I fragment from 
pLAMF (Cla I site filled in with Klenow) into the 
Srna I site of pLAMD. 
The promoter gusA terminator sequences were 
shuttled into the border construct pLAMA. 
pLAMH13m and pLAMH271 were obtained by 
cloning of the Sma I-Eco RI fragment from 
pLAMG13m and pLAMG271 into pLAMA cut 
with Eco RI and Eco RV. pLAMH10me was ob- 
tained by inserting the filled-in (Klenow) Cla I 
fragment of pLAMG10me into pLAMA digested 
with Eco RV. In plamH i0me the AUG initiation 
codon of gene 1' is not in phase with the gusA 
reading frame. One C was removed from the Kpn I 
site, 19 bp upstream of the gusA AUG, by Kpn I 
digestion of pLAMH 10me and by the 3' ~ 5' ex- 
onuclease activity of Klenow in the presence of 
dGTP thus yielding the translational fusion 
pLAMH 10ink. 
The hygromycin phosphotransferase g ne 
under control of the 35S CaMV promoter and the 
nopaline synthase polyadenylation signal was 
present on pMOG24 (gift from Dr P.J.M. van de 
Elzen, MOGEN Int., Leiden). The reading frame 
of the hpt gene was isolated as a 1058 bp fragment 
from pJR255 [ 14]. This fragment runs from 14 bp 
upstream of the AUG of the reading frame to 
15 bp after its TAG termination codon. At posi- 
tion -5 the G was changed into A to remove an 
AUG codon out phase with the reading frame. To 
the fragments CGGGATCCCG Barn HI linkers 
were ligated and the fragment was cloned into the 
Barn HI site of pROKI [2], which separates the 
CaMV 35S promoter and nopaline synthase 
polyadenylation site, yielding pVU1011. By 
Barn HI digestion and Klenow fill-in reactions the 
Bam HI sites were removed thus yielding 
pMOG24. 
A plC plasmid containing the hpt gene cassette 
was constructed from pMOG24 so that upstream 
of the 35S promoter a Barn HI site was present 
and downstream of the nos polyadenylation se- 
quence a Bgl II site. 
From this pLAMHYG3 construct he selec- 
tion gene was shuttled into the Barn HI site of the 
pLAMH* constructs as a Barn HI-Bgl II frag- 
ment. Orientation of the hpt gene was checked by 
Eco RV, Barn HI and Bgl II digestion. Constructs 
were named pLAMHH13m, HH271, HH10mk 
and HHR13m. 
As a last step the Hind III fragments of these 
constructs, containing the artificial T-DNA, were 
cloned into the wide-host-range plasmid pMP92 
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cut with Hind III. The pMP92 was derived from 
pTJS75 [46] by insertion of a polylinker into the 
Hind III site. 
Vector constructs were transferred from Esche- 
riehia coli to Agrobacterium tumefaciens or A. 
rhizogenes trains by triparental matings using 
pRK2013 as the helper plasmid [4, 18]. 
After transfer to the various Agrobacterium 
strains, the structure of the artificial T-DNA was 
checked by Southern analysis of DNA isolated 
from the ex-conjugants (data not shown). 
Protein analysis and western blot analysis 
SDS-Page was carried out according to Laemmli 
[26], using the LKB-Midget system (7.5yo acry- 
lamide). Before loading samples were centrifuged 
(14000 rpm) for 5 min and the supernatans were 
heat-denaturated after bringing the sample to 2~o 
SDS, 5~o 2-mercaptoethanol, 10Yo glycerol, 
0.001~o bromophenol blue and 62.5 mM Tris. 
Protein extracts containing 100 #g protein were 
loaded. For the purified bacterial fi-D- 
glucuronidase (Boehringer) 0.1 ng per lane was 
used. Electrophoresis was for one hour at 25 mA. 
Proteins were transferred to Immobilon (Milli- 
pore) filters by semi-dry blotting for 60 min at 
0.8 mA/cm 2 with 25 mM Tris, 192 mM glycine 
and 20~o methanol as transfer buffer. The GUS 
protein was detected with polyclonal antibodies 
(Sanbio) against GUS, 1/800 diluted in PBS, 
0.5 ~o Tween, 20 ~o milk powder (incubation over- 
night at room temperature) and alkaline phos- 
phatase-conjugated anti-rabbit IgG as secondary 
antibody. 
Plant transformation 
Transformation of Nicotiana tabacum cv. Petit 
Havanna SR1 was performed by leaf disc ocul- 
tivation. Three days after the cocultivation bac- 
teria were killed by transfer to media containing 
200 rag/1 cefatoxime and 100 mg/1 vancomycin. 
First selection for transformed cells was per- 
formed 10 days after cocultivation by transfer to 
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the same medium containing in addition 50 mg/1 
hygromycin. 30 days after the cocultivation step 
hygromycin-resistant (Hyg R) calli were resus- 
pended separately in MS medium [32] contain- 
ing 0.1 rag/1 BAP and 1 mg/l NAA and all three 
antibiotics, and were plated on solid medium. 
This step was performed to prevent chimaeric 
transgenic callus and plants in subsequent s eps. 
About 5 weeks later parts of Hyg R calli were his- 
tochemically tested for GUS activity and remain- 
ders of the callus were transferred toMS medium 
containing 1 mg/1 kinetin, 0.03 mg/l NAA, cefo- 
taxime and vancomycin for the formation of 
shoots. Shoots were transferred to MS medium. 
For each independent transformed callus, shoots 
were transferred to the greenhouse for selfing 
and reciprocal crosses with non-transgenic SR1 
plants. Seeds were sterilized and sown onto 
solid MS-medium and MS medium containing 
100 mg/1 hygromycin. In preliminary experiments 
it was shown that wild-type SR 1 seed displayed 
a delayed germination and a complete block of 
outgrowth on medium containing 50 mg/1 hygro- 
mycin (data not shown). The number of Hyg R 
loci was calculated and corrected for germination 
frequency on medium without he selective agent. 
DNA/RNA isolation and GUS assays 
Four weeks after sowing on 100 mg/1 hygromy- 
cin, half of the resistant seedlings were transferred 
to MS medium containing 30 g/1 sucrose without 
hygromycin and maintained in vitro. The other 
half was transferred to soil in the greenhouse. 8.5 
and 16 weeks after sowing 25-30 sister plants for 
each transformant were harvested from both the
greenhouse and culture room. Individual plants 
can show variation in the expression of their 
genes. The variation was kept minimal in this 
study by analysis of pooled tissues from 25-30 
plantlets for each time point. Leaves and stems 
were separately pooled from roots and frozen in 
liquid nitrogen, milled in a mortar. From the still 
frozen powder a sample was taken for determi- 
nation of GUS activity and for western blotting. 
200 #1 extraction buffer [23] was added to ca. 
50 mg of powder and after thawing the sample 
was centrifuged at 10000 x g for 5 minutes. Pro- 
tein concentration was determined according to 
Bradford [5] using a commercial kit from Biorad. 
Samples were frozen again in liquid nitrogen and 
stored at -80 ° C. GUS activities were measured 
employing three different assays. One employed 
the compound p-nitrophenol-fl-D-glucuronide, 
and the activity was measured as described by 
Jefferson et al. [22]. The other two assays em- 
ployed methylumbelliferyl-fi-D-glucuronide as 
substrate. Activity was determined as described 
by Jefferson et al. [23] using different concentra- 
tions of extracted proteins. In previous experi- 
ments some samples appeared to contain an in- 
hibitory compound. Inhibition could be overcome 
by using less extract in the assay. For all samples 
described in this study a linearity between GUS 
activity and the amount of extract used was found. 
A third alternative m asurement was included. In 
this assay the reaction was terminated by adding 
TCA (final concentration 5 ~o) and a precipitation 
step to prevent quenching by proteins. The sam- 
ple was made basic by addition of sodium hydro- 
gen carbonate and fluorescence was measured. 
Optimal activities determined by the three meth- 
ods did not deviate by more than 20~o for all 
samples. 
The rest of the (still frozen) powder was used 
for a combined RNA/DNA isolation according 
to Hensgens etal. [15] and Meyer etal. [29]. 
DNA and RNA concentrations were quantified 
by O.D. measurements. 
Induction of GUS activity by wounding 
From the progeny of plants 6, 7, 9, 11, 12, 13 and 
a control non-transgenic SR1 plant five plants 
were grown in the greenhouse. When the 35 plants 
reached a height of 65-70 cm and had 13-14 
leaves, the five uppermost leaves of all plants were 
harvested. For each progeny leaves were distrib- 
uted over five pools. In this manner each pool 
contained one leaf from each individual plant and 
leaves with different sizes. All leaves were divided 
in two parts by removing the main vein. The parts 
were transferred onto humid filter discs in Petri 
dishes. One half of each leaf was wounded by 
puncturing numerous small holes employing a 
stainless teel brush. Pooled (un)wounded leaves 
were frozen 0, 4, 6.5 and 20 h after wounding. 
Frozen leaves were ground and processed for 
GUS and transcript analysis as described above. 
Histochemical staining 
Histochemical staining for GUS activity was as 
described by Rueb and Hensgens [43]. 
Results 
Construction of chimaeric constructs 
Three chimaeric gusA genes differing in their 5' 
upstream regions were constructed. The 521 bp 
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Cla I-Nla IV fragment (T -DNA 20.128-20.649 
[ 1]) contained the promoter egion of both mas 
genes 2' and 1'. In this region the transcription 
of these genes starts in opposite direction. The 
indicated fragment was fused in three different 
ways to the gusA reading frame. This yielded the 
constructs HH13m, HHR13m, HH271 and 
HH10mk (Figs. 1 and 2). Constructs HH13m 
and HHR13m are transcriptional fusions with 
the promoter of gene 2'. Within these constructs 
the AUG initiation codon of gene 2',  part of the 
used Cla I site, is 16 nucleotides eparated from 
the AUG initiation codon of the gusA reading 
frame. In construct HH271 the nucleotides AU of 
the AUG ofgene 2' were removed to prevent any 
interference of this out of frame codon with the 
AUG of the gusA reading frame (Fig. 2). In con- 
struct HH 10mk the Nla IV-Cla I fragment is fused 
to the gusA reading frame in inverted orientation. 
The promoter together with the first 38 nucle- 
otides of the reading frame of gene 1' as well as 
A"  
HH271 
HH13m 21 ]0--1.1 6 1 ,°, In+ 
HHlOmk HHR13m 
[H3 
B: 
HHlOmk . . . .  14761 2625 I ~2390 . . . .  Bsml  
HH271,HH13m _ .~_44s  I I 2625 I N2390 . . . .  Bsml  
. . . .  >13235 II 1091 I >11321 . . . .  EcoR I  
. . . .  I , .  3 !90  I 2195 [>~215__ .  Xba  I 
HHR13m :>445 I I 4742 1>303 . -  Z"-  - ~ . . . .  Bsml  
. . . . . .  ~3240 [ 10S4 I 1091 1>_.287_ - -  EcoR,  
. . . .  I ,  3192 II >_.2449 . . . .  Xba 
Fig. 1. Artificial T-DNA used for transformation of tobacco. Panel A: the Hind III fragment, containing the artificial T-DNA, 
which was shuttled into the wide host range plasmid is shown. All constructs contain the hygromycin phosphotransferase gene 
(hpt) under control of the 35S CaMV promoter and NOS termination sequence and the reporter gene coding fo /?-D-glucuronidase 
(gusA) under control of the promoter of gene 2' (HH271 and HH 13m) or gene 1' (HH 10mk) and the termination sequence of gen  
0'. Genes 0', 1' and 2' are from the TR-DNA of the octopine plasmid pTiAch5. Reading fr mes and regulatory sequences are 
indicated by boxes. Triangles (LB and RB) indicate border sequences involved in the transfer of T-DNA rom Agrobacterium to 
plant cells [42]. Lines with arrowheads indicate sequences with r verse orientation in constructs as indicated. Panel B: restriction 
enzyme maps of the constructs used in this study. Dotted lines indicate fusion fragments which arise when the T-DNA integrates 
into the plants chromosome. Minimal sizes for these junction fragments are given in bp. The restriction maps of the artificial 
T-DNAs were deduced from the sequence assembled from the different cloning steps. 
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promoter  gene  2' 
p romoter  gene  2 '. . . . . . .  ATCq 
13m oonsb-uot 
ATCG AT__GG GGT A GGT CAG TCC CTT ATG . . . . . .  gus  read ing  f rame 
ClaI  
271 construct 
G GGT A GGT CAG TCC CTT ATG . . . . . .  gus read ing  f rame 
lOmk construct 
promoter  gene I' . . . . . . .  CGTGAAA ATG CAAATT TCT CrAG ACC TAC CTC GGC TCT 
GCG AAG GCA ATT  CGA GCT CC~T~Q~GG GTA GGT CAG TCC CTT ATG . . . . . .  gus read ing  f rame 
KpnI  
Fig. 2. Sequences flanking the AUG initiation codon of the gusA reading frame as present in the constructs. The asterisks indi- 
cate the deleted nucleotides AT. $o indicates the fusion between Cla I site and remainder of Sma I site (GGG). ?a indicates the 
fusion between halfNla IV site (GCC) with filled-in Eco RI site (AATTC). ,~2 remainder ofSma I site (CCGGG) of pB101.1, one 
C was deleted to make a translational fusion. The shadowed bases are derived from the polylinker region of pIC-20H. (See for 
further details Materials and methods.) 
in total 34 nucleotides from the pIC-20H 
polylinker and the upstream region of pB101.1 
[22] are fused to the gusA reading frame. Theo- 
retically, this construct might lead to two pro- 
teins, one encoded by the gusA reading frame 
alone and one starting at the AUG of gene 1' 
being 24 amino acids longer. 
The hygromycin phosphotransferase gene (hpt) 
was used as selection gene. It functions under 
control of the 35S CaMV promoter and the no- 
paline synthase polyadenylation signal sequence 
[48, 37] (Fig. 1). This gene was also used as a 
marker gene for internal reference innorthern blot 
analysis. The 35S CaMV promoter contains en- 
hancer sequences [25, 33]. The effect of these 
sequences on GUS expression was studied by 
inversion of the hpt gene cassette (the 2175 bp 
Bam HI-Bgl II fragment) in the construct 
HHR13m (Fig. 1) By this inversion the distance 
between the putative nhancer sequences (490 bp 
upstream of the AUG of the hpt gene) and the 
AUG of the gusA reading frame is increased from 
3012 to 4013 bp relative to the situation in con- 
struct HH13m. 
Plant transformation 
Transgenic calli were obtained by cocultivation of 
leaf discs with different Agrobacterium strains 
(Table 1). In these experiments we observed that 
the gusA fusions gave considerable GUS activity 
in all Agrobacterium strains used and that the 
presence of the 35S CaMV hpt gene rendered 
agrobacteria resistant to hygromycin at concen- 
trations of 100 #g/ml while strains without the 
gene appeared to be sensitive to concentrations of 
20 #g/ml. To exclude any possible interference of
contaminating bacteria in expression studies as 
well as variable results due to chimaeric plants we 
Table 1. Characteristics of Agrobacterium strains used in this study. 
LBA 1197 
LBA 1198 
LBA 4404 
LBA 1060 
LBA 9402 
Km R, AT-DNA 
pTiB6, tra °, pBRTc ~, Ap R, Rif R, Km s 
pTiAch5, AT-DNA 
pRi1855 (C58, chromosomal) 
pRi1855 (1855 chromosomal) 
Deblaere t al. [ 8 ] 
Deblaere t al. [8] 
Hoekema et al. [16] 
Offringa et al. [36] 
Hoekema et al. [17] 
studied gene expression in F 1 progenies. Regen- 
erants were transferred to the greenhouse and 
allowed to flower. Plants were back-crossed with 
non-transgenic N. tabacum cv. Petit Havanna 
SR 1 plants. The progeny of these crosses were 
allowed to germinate on MS medium containing 
100 gg/ml hygromycin. Concentrations of 50#g/ 
ml completely blocked shoot development from 
untransformed seed. Transgenic seeds containing 
an active hpt locus developed into normal plant- 
lets even at concentrations of 100 gg/ml hygro- 
mycin. The number of hygromycin-resistant seed- 
lings was scored three weeks after seeding. The 
number of active loci was determined with the X 2 
method (Table 2) and varied from 1 to 5 in the 
various transformants. 
Three weeks after sowing, resistant seedlings 
were transferred to MS medium without hygro- 
mycin or were transferred to the greenhouse in 
soil. For each offspring plants were grown in vitro 
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and in the greenhouse. At ages of 8.5 weeks and 
16 weeks respectively tissues from 21 or more 
individual plants were pooled and analyzed for 
the number and integrity of the integrated T -DNA 
copies (Southern analysis). The mRNA levels and 
GUS activities were studied employing the same 
pooled tissues. 
Copy number of transferred genes 
The number and the integrity of T -DNA copies 
in pooled Hyg ~ plants was determined by South- 
ern blot analysis. Figure 3 shows the Southern 
blots using Eco RI, Xba I and Bsm I. The number 
of T -DNA copies was estimated from the inten- 
sities of bands corresponding to the internal 
EcoRI  (1091 or 1084bp), BsmI  (2625 or 
4742 bp) and Xba I (3190 and/or 2195 bp) frag- 
ments and from the number of bands correspond- 
Table 2. Summary of genetic analysis of progenies of the transformed regenerants, Southern analysis and histochemical assays 
on hygromycin-resistant seedlings. 
Plant Ca l lus  Strain/construct Number of loci Number of integrated Number ofleft % Gus -/HygR 
(X 2) copies Xba I sites 
not cut 
1 untransformed 
2 9cWOA LBA1197 
3 7aWOK LBA1197 
4 1CI(I) LBA4404 
5 12WO LBA1198 
6 5B2(I) LBA4404 
7 1A2(II) LBA4404 
8 7A3 LBA4404 
9 10A3 LBA4404 
10 6E4( IV)  LBA1197 
11 5E5 LBA1197 
12 4D3(II) LBA4404 
13 8D3(II) LBA4404 
'HH13m 2 (70%) 2 - ut 
'HH13m 3 (45%) 3 a 1 nt 
'HH13m 4-5 (25%) 6-7 b - nt 
'HH13m 2 (55%) 2 c 2 nt 
'HHRI3m 1 (40%) 1 d 1 100 
'HH10mk 1 (70%) 1 - 0 
'HH 10ink 1 (90%) 1 ~'e - ut 
'HH10mk 2 (60%) 2 2 50 
'HH271 2 (60%) 2 2 0 
'HH271 2 (15%) 3 f 1 0 
'HH271 5 (55%) 3 g 3 nt 
'HH271 3 (15%) 3 3 30 
a Only 3.75/zg DNA was used in the Southern analysis. 
b 3 copies form a tandem repeat with a 1000bp spacer inbetween. This explains the relative strong hybridization with the Bsm I 
3835 bp and the 5560 bp Eco RI fragments. 
° Both copies are probably deleted for at most 445 bp from the left-border sequence. 
d Tandem repeat and partly scrambled. 
e 476 bp Bsm I fragment is lacking, probably no intact l'-gusA fusion is present. Intensity of bands and patterns suggest that 
amplification and scrambling atone locus has taken place. 
f 2 copies form a tandem repeat and lack the Xba ! site close to the left border. 
g 2 copies are probably the result of amplification. 
nt = not ested. 
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Fig. 3. Southern blot analysis of transgenic F I plantlets derived from primary transformants. For each pool 5 #g DNA was di- 
gested with Xba I, Eco RI or Bsm I, separated and blotted onto GeneScreen Plus and hybridized. As probe the Hind III fragment 
from HH271 was used and for some Xba I digestions also gusA cloned into pIC plasmid was used. Reconstr.: 5 #g control 
untransformed tobacco was digested with the appropriate enzyme and mixed with a cloned Hind III fragment in pIC digested with 
the appropriate nzyme. 0, 0.25, 0.5, 1 and 2.5 copies of the HH271 pIC plasmid were mixed per diploid tobacco genome. M1, 
and M2 are molecular weight markers. Numbers above the lanes correspond to the transformants li ted in Table 2. 
ing to junction fragments joining the plant DNA 
with the T-DNA. The number of integrated cop- 
ies varied from i to 7 (Table 2). Four out of twelve 
progenies contained tandem repeated copies or 
scrambled copies (Table 2). All progeny, except 
of plant 8, contained a 1091 bp Eco RI fragment 
representing an intact 35S CaMV hpt fusion 
(Fig. 3). The situation is more complex for the 
fragment consisting of the 2'-1' promoter fused 
to the gusA gene. A 3190bp (3192) XbaI frag- 
ment is expected for the intact T-DNA (Fig. 1). 
This fragment is not observed, however, in the 
progeny of plants 5, 6, 8, 9, 10, 12 and 13. Ap- 
parently the Xba I site located 13 bp right from 
the left border is not detected in these plants 
(Fig. 3, Table 2). This can be due to methylation 
or, more likely, to a deletion of a sequence at the 
left border. Gheysen et al. [ 13] showed that de- 
letions up to 50 bp at the left border of T-DNA 
are frequently present. In all plants, except for the 
progeny of plant 6 and 8, a 2625 or 4742 bp Bsm I 
fragment spanning the gusA reading frame is ob- 
served (Figs. 1 and 3). Thus the Bsm I site 56 bp 
downstream of the AUG of the gusA gene is con- 
served. An intact promoter region of HH 10mk in 
transgenics i expected to yield a 476 bp Bsm I 
fragment (Fig. 1). Two of the three analysed 
HH10mk progenies displayed a band corre- 
sponding to this fragment indeed (Fig. 3, lanes 
7-9). This means that the Bsrn I site 176 bp 
downstream of the left border is conserved in 
plants 7 and 9. We therefore conclude that in 
most progenies the promoter egion upstream of 
the gusA reading frame is intact. The expression 
data support his view. Only the progeny of plants 
6 and 8 probably contained eletions interfering 
with the expression of the gusA reading frame (see 
also below). 
Expression of transferred genes 
Leaves and roots were harvested from 20 or more 
in vitro grown plantlets (8.5 weeks old). For each 
progeny leaves and roots were pooled separately. 
The steady-state concentration ofGUS and HPT 
transcripts in leaves and roots of the different 
offsprins was studied by northern blot analysis. 
In each lane the same amount of total RNA (5 #g) 
was loaded. The integrity of the RNA was 
checked by ethidimn bromide staining before 
transfer (not shown). In most samples, except 
those of progenies of plants 6 and 8, two bands 
are observed with mobilities which correspond to 
the expected sizes of the GUS transcript (2340 
nucleotides) and HPT transcript (hyg; 1235 nu- 
cleotides). The nature of these two bands was 
further confirmed with gusA- and hpt-specific 
probes (see also below). As can be expected from 
the Hyg R phenotype, in all plants a HPT tran- 
script (hyg) is observed both in roots and leaves. 
In roots its relative concentration was always 
lower than in leaves. 
The transgenic offspring of the HHR13m plant 
6 (Fig. 4, lane 6) contained a significantly smaller 
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GUS transcript, only detectable in the green parts 
of the plantlets. The offspring of the HH10mk 
plant 8 (lane 8) completely lacked GUS RNA. 
The amount of HPT and GUS transcripts is 
clearly not directly correlated with the number of 
integrated genes. Although the offspring of plant 
4, containing 6-7 copies (Table 2), displayed the 
highest amount of HPT and GUS transcripts in- 
deed, other progenies, such as those of plants 6, 
7 and 8 with only one hpt gene, did not have less 
HPT transcript han progenies containing 2-3 
copies. 
GUS activity, measured in extracts made from 
the same samples as used for RNA analysis, var- 
ied greatly (Fig. 4, right panel). For the same 
plants it was found that GUS activity in root 
extracts from HH 10mk and HH271 plants (7-13) 
(1640 to 3570 nmol mg-1 h-1)  are 3-11 times 
higher than in leaf extracts (200 to 758 nmol mg-  1 
h- l ) .  The highest enzyme activity (3570nmol 
mg-  1 h-  1) was observed in roots of the progeny 
of plant 9 (HH10mk). The large difference in 
GUS activity between root and leaf tissue does 
not correspond with different levels of GUS tran- 
script (Fig. 4, left panel). 
Progeny of plants 2-5 transformed with 
HH13m, containing the out-of-phase AUG 
codon upstream of the gusA reading frame (con- 
structs HH13m and HHR13m) contained a low 
but distinct GUS activity in leaves (55 to 
686 nmol mg-  1 h 1) and higher activities in root 
tissue (148 to 1464 nmol mg-  1 h-  1). These val- 
ues are about 6 times lower than those found for 
the plants transformed with HH271 (plants 10- 
13). 
Expression i  plants grown in vitro and in the green- 
house 
The influence of growth conditions and age on the 
expression of the different gusA constructs was 
studied. Plants were grown for 8.5 or 16 weeks 
in vitro as well as in the greenhouse for the same 
periods. Leaf and root tissues were harvested 
separately from 20 or more pooled Hyg R plants 
of transformants 9, 4, 13 and 10 for all four ex- 
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Fig. 4. Transcript analysis mad GUS activities of transgenic F 1 progenies. Panel A: 5 #g total RNA isolated from pooled leaf and 
root material was separated on a 1.4% non-denaturating a arose gel, blotted onto GeneScreen and hybridized with nick-translated 
HH271 (pIC) plasmid DNA. Numbers above the lanes correspond to numbers of the transformants given in Table 2. gus and hyg 
indicate the transcripts derived from the •-D-glucuronidase and hygromycin phosphotransferase gene, Their sizes are given in 
nucleotides. Panel B: GUS activities measured in extracts made from the same pooled and milled fractions from which RNA was 
isolated. 
perimental groups. The different environmental 
conditions had a remarkable influence on GUS 
activity (Fig. 5, panel B). In vitro grown plants 
showed in root extracts a GUS activity that is 4 
to 40 times higher than in leaf extracts. Green- 
house-grown plants, however, showed a similar 
but less pronounced difference between roots and 
leaves. The differences observed in GUS activity 
do not correlate with GUS mRNA levels (Fig. 5, 
panel A). Root samples containing high GUS ac- 
tivities, like those of plants 9 and 10 grown in vit- 
ro, have the lowest levels of GUS mRNA. 
It can be stated that in general plants grown in 
the greenhouse contain more GUS transcript de- 
spite a lower GUS activity than found in sister 
plants grown in vitro. For leaf material also no 
correlation exists between GUS activity and level 
ofmRNA. The in vitro grown plantlets display the 
highest GUS activities while their GUS mRNA 
level is equal to or lower than in greenhouse- 
grown sister plantlets. In the HH13m plant 4 
(Fig. 5) the GUS transcript is very abundant 
under all conditions compared with the other 
plants. 
One explanation for the clear discrepancy be- 
tween GUS activity and steady-state l vels of 
mRNA could be an inactivation of the GUS pro- 
tein by glycosylation. To study this possibility, the 
protein extracts, also used for activity determina- 
tion, were analysed by western blots using poly- 
clonal antibodies raised against he GUS protein. 
It can be seen from Fig. 5, panel C, that the rela- 
tive intensities of the GU S bands correspond well 
to the measured GU S activities. In addition, most 
bands have the same relative mobility as pure 
E. coli GUS protein (lanes g in Fig. 5, panel C). 
Extracts from greenhouse-grown plants often 
yielded some background and a GUS band with 
a slightly different migration behaviour (eg. roots 
from plants 9 and 10). Mixing E. coli GUS pro- 
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Fig. 5. Transcript analysis, GUS activities and protein analysis of transgenic F 1 progenies of plants 9, 4, 13 and 10 grown in vitro 
or in the greenhouse for 8.5 and 16 weeks. Panel A: 5 #g total RNA isolated from pooled leaf and root material was separated 
on a 1.4~o non-denaturating a arose gel, blotted onto GeneScreen and hybridized. (See for further details Fig. 4). Panel B: GUS 
activities measured in extracts made from the same pooled and milled tissues. Activities in extracts are displayed in the same order 
as in panel A. Panel C: western blot analysis of protein extracts from panel B. m = molecular weight marker; G = greenhouse-grown 
plants; T = in vitro plants grown in jars under artificial light conditions; y and o indicate plants grown for 8.5 and t6 weeks; g = E. coli 
/~-D-glucuronidase; c =extracts made from control untransformed SR-1 plants grown in vitro. (See for further details Materials and 
methods.) 
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Fig. 6. Western blot analysis of GUS protein. Lanes 1 con- 
tain extracts from pooled leaves from F~ progeny of plant 9 
(Table 2) grown in vitro for 16 weeks. Lanes 2 contain extract 
from pooled leaves from F 1 progeny of plant 10 (Table 2) 
grown in vitro for 16 weeks. From both extracts 100 #g pro- 
tein was loaded, when they were combined only 65 #g of each 
was loaded. Lane g contains 0.1 ng of a commercial E. coli 
fi-D-glucuronidase. (See for further details Materials and 
methods.) 
tein with these extracts howed that they have the 
same mobility as the E. coli protein. Therefore, we 
assume that glycosylation does not play a role. 
Leaf extracts from the offspring of plant 9 
(HH 10ink) grown in vitro showed besides aweak 
band with the same mobility as the E. coli protein 
a strong band with a higher molecular weight 
(Fig. 5, panel C). The amount of protein loaded in 
the E. coli GUS lanes was 106 times lower as in 
lanes containing plant extracts. This probably 
caused small differences in mobility between the 
samples. To verify the presence of two GUS 
bands in the leaf tissue of the progeny derived 
from the HH10mk transgenic plant 9 samples 
were mixed and analyzed (Fig. 6). Two bands 
were detected for the leaf extracts from this trans- 
genic offspring (Fig. 6, lanes 1). The intensity of 
the high-molecular-weight band was about 10 
times stronger than found for the low-molecular- 
weight band. This low-molecular-weight band 
had the same mobility as the native E. eoli GUS 
(Fig. 6, lanes g and 1 + g) and the GUS made in 
leaf tissue of plantlets from plant 10 transformed 
with HH271 (Fig. 5, panel C; Fig. 6, lanes 2 and 
2+ 1). 
Expression patterns in tumours 
The expression of the gusA fusions was also stud- 
ied in the different cell types present in plant tu- 
mours. Turnouts were induced on Kalanchoe tu- 
biflora, Nicotiana rustica and Nicotiana glauca. 
Agrobacterium rhizogenes LBA 1060 and 
LBA9402 (Table 1) containing the construct 
HH13m, HH271 and HH10mk in a binary set-up 
were used. For each strain and construct, sec- 
tions of 15 independent tumours were made and 
histochemicaIly stained for GUS activity (Fig.7). 
Strains without he gusA construct never gave 
staining (Fig. 7, panels A). Microscopic exami- 
nation showed that some (dead)plant cells of the 
tumours contained bacteria. These cells however 
did not stain blue upon histochemical staining for 
GUS activity, not even when tumours were in- 
duced with strains carrying the gusA constructs. 
Tumours with the HH13m construct on 
K. tubiflora gave staining mainly in all roots de- 
veloping from the tumours and in some densely 
packed cells within tumours, which most likely 
are root primordia (Fig. 7, panels b). The patterns 
observed in tumours induced by strains carrying 
the HH271 or the HH10mk construct (Fig. 7, 
panels c and d) are different. In these tumours the 
majority of cells and roots is stained with an in- 
tensity similar to that of the HH13m turnouts. 
Tumours formed on the other plant species men- 
tioned gave similar esults. The HH 13m construct 
Fig. 7. Histochemical staining for GUS activity in hand-made transections of tumours induced on Kalanchoe tubiflora by Agro- 
bacterium rhizogenes LBA 1060 containing the construct HH13m, HH271 and HH10mk or the empty binary plasmid pMP92. 
Staining was performed for 2 h at 37 °C as described [23, 43]. For each construct 14-16 transections of independent induced 
tumours are shown. For each construct one transection is shown enlarged in the photographs with black background. At the bottom 
left the morphology of the root-forming tumours is shown. Panel e shows some details of the staining in a root of a turnout in- 
duced with construct HH271. 
Fig. 8. Transcript analysis, GUS activities and histochemical staining for GUS activity in different parts of the HH271 plant 13 
grown in vitro for 8 weeks. The position of the leaves, stem fragments and roots used for RNA and GUS analysis are indicated 
in the schematic drawing. Lanes 1-4 and R correspond to the numbers in this drawing. Part of the harvested tissue was his- 
tochemically stained for GUS activity. The remainder was used for RNA analysis and GUS assays as described in Materials and 
methods. Transcript analysis was performed as described in Figs. 4 and 5. Besides the HH271 piasmid (panel HH27t) also pIC 
plasmids carrying the gusA reading frame (panel GUS) or the hpt gene (panel HYG) were used as probes in this analysis. 
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Table 3. Comparison of sequences flanking the initiation codons present in the constructs used. The upper line is a modified 
consensus sequence for dicot plants (compilation of 233 sequences) as described by Cavener and Ray [6]. The two nucleotides 
which occurred most frequently were taken. Italics indicate similarity with the consensus nucleotide with highest frequency. 
Underlined nucleotides are similar with the second most frequent nucleotide in the consensus equence 
-10  -9  -8  -7  -6  -5  , -4  -3  -2  -1  +4 +5 
a/u a/u a/u a/u a/u a/c a/c A a/c A/C AUG G C (dicot plants) 
U C A a U C C C U U AUG U A (gusA) 
A C A C G U G A A A AUG C A (gene l ' ;  HH10mk) 
C A C C A A A U C G AUG G G (gene 2'; HH13m) 
gave staining within root primordia only, while 
HH271 and HH10mk gave staining in practically 
all tumour cell types. 
Since tumours arise by multiple transformation 
events, these results show clearly that the ob- 
served root cell-specific expression of the HH 13m 
construct is a reproducible not plant species- 
specific phenomenon. 
Accumulation of fl-D-glucuronidase 
To circumvent plant-dependent variations in the 
experiments described above material was pooled 
from a large number of plants. Expression of the 
gusA and hpt gene was also studied, however in 
leaves, stems and roots of individual plants. A 
representative example of the HH271 plant 13 is 
shown in Fig. 8. Sections from the same tissues 
as used for RNA analysis were histochemically 
stained for GUS activity. 
The levels of GUS and HPT mRNAs were 
within the same order of magnitude for all leaves 
and were lower in roots and stem fragments. 
Young top leaves (Fig. 8, lanes 1) displayed a de- 
gree of hybridization in the same range as the 
older bottom leaves (lanes 4), while leaves in the 
mid (lanes 2 and 3) displayed a stronger hybrid- 
ization. 
In contrast to the transcript levels GUS activ- 
ity showed a clear gradient, being lowest in the 
young top leaves and stem sections (2.12 and 
0.42 nmol min- 1 mg- 1) and highest in the older 
parts (62.80 and 21.68 nmol min- 1 mg- 1). The 
observed ifferences in GUS activities were also 
expressed in different intensities of blue staining 
of the tissues. Comparable data from several of 
such experiments led us to conclude that GUS 
activity increases with ageing of the tissues while 
its mRNA level remains relatively constant. 
Discussion 
Four major conclusions can be drawn from the 
results hown: (1) GUS activities do not correlate 
directly with the level of its mRNA; (2) in vitro 
grown plants have much more GUS activity than 
sister plants grown in the greenhouse; (3) consid- 
erably higher GUS activity is found in roots than 
in leaves while leaves have in most cases the high- 
est mRNA level; (4) different AUG codons are 
used by the translation machinery to initiate 
translation. 
One of the conclusions i that measured GUS 
activities do not correspond irectly to observed 
GUS mRNA levels. This was observed by en- 
zyme and mRNA assays with extracts from tis- 
sues of different age of individual plants. We as- 
sume that this observation is due to the stable 
character and accumulation of the GUS protein 
during ageing together with a difference in turn- 
over between the protein and its mRNA. 
Another observation was that in vitro grown 
plants contain much more GUS activity than sis- 
ter plants grown for the same period in the green- 
house. The in vitro grown plants, however, did not 
display higher GUS mRNA levels (Fig. 5). Also 
when GUS activities were compared between 
root and leaf material of in vitro grown plants, 
much more GUS activity was found in roots while 
in most cases more GUS mRNA was observed 
in the green tissue (Figs. 4 and 5). Comai et al. [7] 
described similar esults, i.e. higher expression i  
roots and older parts of transgenic plants trans- 
formed with similar constructs. They speculated 
that the leader sequence of the mannopine syn- 
thase mRNA contained sequences by which tran- 
scription was enhanced within these tissues. The 
lower steady-state mRNA concentrations ob- 
served in roots in the present study suggest an- 
other explanation. 
Our observations lead to the conclusion that 
translation of the GUS mRNA and the stability 
of the GUS protein play crucial roles in deter- 
mining the ultimate level of GUS activity in the 
transformed tissues. 
The data obtained show that the initiation of 
translation probably- is the limiting step in deter- 
mining the ultimate phenotype of the chimaeric 
gene. For our constructs initiation of translation 
was found to be different in roots and leaves. 
Two GUS proteins with different mobilities 
were observed in the leaf material of the HH 10mk 
transformants. The largest protein was approxi- 
mately ten times more abundant than the smaller 
one which had the same mobility as the E. coli 
enzyme. Western blot analysis (Fig. 5 and data 
not shown) did not give any indication for specific 
breakdown or glycosylation of the GUS protein 
in any of the tissues tudied. We therefore assume 
that in leaf the GUS mRNA is translated from 
both AUG initiation codons, with preference for 
the 5'-proximal codon. In roots only the smaller 
protein can be observed (Figs. 5 and 6); conse- 
quently, only the second more distal AUG is 
probably used. 
The 20 bp upstream of the AUG of the gusA 
reading frame is the same for all three constructs 
studied. The higher expression levels found in 
roots of all plants is probably the result of a more 
efficient initiation of translation on this codon in 
roots. 
With some exceptions, translation on eukary- 
otic mRNAs starts at the most 5'-proximal AUG 
codon. Plant viruses display some exceptions to 
this. Some of them use leaky stop codons to ex- 
press two in frame protein coding cistrons [31, 
40, 41, 55]. Other viruses probably also utilize 
ribosomal frame-shifting to couple translation of 
protein-coding regions which overlap in different 
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reading frames [30, 50, 54, 55] as has been found 
also for animal retroviruses [19, 20]. In most of 
these cases translation has been studied using 
cell-free systems. Our analysis is the first in vivo 
study showing that the translational machinery 
can select between two AUG codons present on 
the same mRNA to start translation. Further- 
more it is the first time that it can be shown that 
the initiation can be controlled by external factors 
as for example stress. 
Comparison of the sequences flanking the ini- 
tiation codons used in this study with the con- 
sensus equence for dicotylodonous plants as de- 
scribed by Cavener and Ray [6] does not reveal 
any clear homology of any of the sequences with 
the consensus sequence of dicot plants (Table 3). 
The flanking regions of the initiation codons of 
the genes 1' and 2' line up with 5 nucleotides in 
various positions while the sequence flanking the 
gusA AUG lines up with one A residue and shows 
similarity with 2' C' s and 2 T' s when the second 
frequent nucleotides of flanking regions are in- 
cluded in the analysis. The sequence AAA present 
at position -321 upstream of the AUG of gene 
1' is the most frequent -321 triplet in non ver- 
tebrate species. The sequence upstream of the 
gusA AUG, exclusively used in roots, has the 
lowest similarity with the consensus equence. 
In roots of HH10mk transformants grown in- 
vitro, initiation of translation occurs exclusively 
at the initiation codon of the gusA reading frame. 
However oots of HH13mk transformants, with 
the extra AUG out of phase with the gusA AUG, 
synthesize less GUS protein than the roots of 
HH271 transformants lacking the extra AUG. The 
extra AUG out of phase clearly interferes with a 
correct initiation of translation, while the extra 
AUG in phase is not used at all in roots of 
HH10mk transformants. The translational ma- 
chinery might have a higher affinity for the gene 
2' AUG (in HH13m, out of phase) than for the 
AUG of gene 1' (in HH 10mk). This difference in 
affinity might result in a different competition for 
initiation. Whether the distance between the 
AUGs, 16 bases for HH 13m and 69 for HH 10mk, 
has any influence on this is not known. 
The root-specific staining observed for tumours 
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with the HH 13m construct on the different stud- 
ied species (Kalanchoe tubiflora, Nicotiana rustica 
and N. glauca) shows that the observed root cell- 
specific expression of the HH13m construct is a 
reproducible phenomenon not specific to the plant 
species. It further suggests that the choice of the 
AUG initiation codon is similar for the transla- 
tional machinery of these species. 
Greenhouse-grown plants display less GUS 
activity and protein despite similar or higher 
mRNA levels. It is likely that the in vitro growth 
in closed containers will induce some stress in the 
plants, especially in the roots since the plants 
were grown on agar by which gas exchange for 
this tissue is limited. Langridge etal. [27] de- 
tected more luciferase activity of a mannopine 
synthase gene fusion with the lux reporter system 
upon hormone treatment or cutting of the top of 
the plant. Sanger et al. [45] could show a 60-fold 
increase of neomycin phosphotransferase (NPT) 
activity in the young leaves of greenhouse-grown 
plants after wounding. These treatments also in- 
duce stress. We have repeated the cutting exper- 
iment of Langridge etal. [27J on in vitro grown 
plants from three independent offsprings and were 
unable to find a significant induction of GUS 
activity. Probably the in vitro grown plants were 
already 'stress-induced'. The experiments of 
Sanger et al. [45] were repeated on greenhouse- 
grown plants as described in the Materials and 
methods ection. To exclude as much as possible 
fluctuations due to the previously described gra- 
dient of GUS activity in the plants and to mini- 
mize individual fluctuations six transgenic off- 
springs each consisting of five plants were studied. 
Harvest and storage of the leaves already led to 
a 2-4-fold increase within 16 h of GUS activity 
per mg extracted protein. Additional wounding of 
the leaves led to a 1.2- to 2-fold additional in- 
crease of GUS. RNA blot analysis did not show 
higher RNA levels (data not shown). Western 
blot analysis showed that in two HH10mk prog- 
enies the stress (either harvesting, storage or 
wounding) specifically induced the synthesis of 
the smaller GUS protein (data not shown). 
We want to emphasize here that the ultimate 
gene expression levels as measured by GUS ac- 
tivities are not dictated only by the levels of its 
mRNA and therefore not by its promoter activ- 
ity. In many publications promoter activities have 
been studied using gusA, cat or other reporter 
genes. Often enzyme activity was taken as mea- 
surement for promoter activity. Our data clearly 
show that one has to be very cautious in extrap- 
olating enzyme activities to promoter activities. 
Reversing the 35S CaMV promoter/hygro- 
mycin phosphotransferase gene/nos termination 
cassette, containing the 35S enhancer sequence 
did not clearly affect GUS activity or RNA lev- 
els (Fig. 4, compare lanes 2-4 with 5 and 6). The 
observed steady-state levels of the HPT transcript 
varied substantially in the tissues studied (Fig. 5). 
Observations made by Williamson et al. [53] sug- 
gested that the 35S CaMV promoter is not con- 
stitutively active but is restricted to actively di- 
viding tissues in whole plants. 
We observed in these studies that both the 35S 
CaMV hpt fusion and mannopine synthase gusA 
fusions are active in Agrobacterium. This is con- 
sistent with the findings ofDiRita et al. and Gelvin 
et al. [ 10, 12] who found that fusions between the 
neomycin phosphotransferase II (npt) gene and 
the 2' mannopine synthase promoter region lead 
to resistance in Agrobacterium. Sequences in- 
volved in the expression of these genes are there- 
fore not very species-specific. 
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